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NKT  cells  have been  associated  with  protection  against  Leishmania  donovani,  yet  their role in infections
with  Leishmania  mexicana  has  not  been  addressed,  nor  has the activation  pathway  been  deﬁned  after
stimulation  with  Leishmania  mexicana  lipophosphoglycan  (LPG).  We analyzed  the  activation  of  NKT  cells
and  their  cytokine  production  in  response  to Leishmania  mexicana  LPG.  Additionally  we  compared  NKT-
cell numbers  and cytokine  proﬁle  in  lymph  nodes  of  skin  lesions  induced  by Leishmania  mexicana  in BALB/c
and  C57BL/6  mice.  We  show  that  LPG  activates  NKT  cells  primarily  through  the  indirect  pathway,  initiating
with  TLR2  stimulation  of dendritic  cells  (DC),  thereby  enhancing  TLR2,  MHC  II, and  CD86  expressions
and  IL-12p70  production.  This  leads  to IFN- production  by  NKT cells.  C57BL/6  mice  showed  enhanced
DC  activation,  which  correlated  with  augmented  IFN-  production  by  NKT cells.  Additionally,  infected
C57BL/6  mice  showed  elevated  percentages  of NKT  cells  with  higher  IFN-  and  IL-4  production  in  lymphytokines
endritic cells
nodes.
We conclude  that  the  response  of  NKT  cells  towards  Leishmania  mexicana  LPG  initiates  with  the  indirect
activation,  after  binding  of  LPG  to TLR2  in  DC.  This  indirect  activation  pathway  enables  NKT  cells  to
produce  IFN-  during  the  innate  phase  of  Leishmania  infection,  the  magnitude  of which  differs  between
mouse  strains.
©  2016  The  Authors.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).. Introduction
NKT cells have features of both the innate and adaptive immune
esponses: they share surface markers with NK cells such as NK1.1
nd they also have an invariant T-cell receptor (TCR) character-
zed by V14–J18 (Bendelac et al., 2007). NKT cells make up
.1–0.5% of the peripheral blood leucocytes, they produce cytokines
uch as IFN-, TNF-, IL-4, IL-10 and IL-13 and additionally are
ytotoxic cells capable of destroying cells after TCR recognition,
s well as independently of TCR recognition. Furthermore, NKT
ells also enhance cytotoxicity of NK cells through their IL-2 secre-
ion (Godfrey et al., 2000; Coquet et al., 2008; Metelitsa et al.,
Abreviations: LPG, lipophosphoglycan; DC, dendritic cells; TCR, T-cell receptor;
-GalCer, -galactosylceramide; PAMPs, pathogen associated molecular patterns;
MDC, bone marrow-derived dendritic cells.
∗ Corresponding author.
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ttp://dx.doi.org/10.1016/j.imbio.2016.08.003
171-2985/© 2016 The Authors. Published by Elsevier GmbH. This is an open access artic
.0/).2001). NKT cells are classically activated by glycolipid antigens pre-
sented by CD1d molecules of DC (Slauenwhite and Johnston, 2015).
One of the best-studied glycolipids capable of activating NKT cells
through the direct activation pathway is -Galactosylceramide (-
GalCer), which induces both IFN- and IL-4 production (Juno et al.,
2012). However, NKT cells can also be activated through an indi-
rect pathway, where DCs are ﬁrstly stimulated by PAMPs (pathogen
associated molecular patterns) inducing their IL-12 production,
which in turn activates NKT cells (Zajonc and Girardi, 2015).
NKT cells play an important role in autoimmunity and cancer
and they also protect against intracellular pathogens, mainly
through their IFN- production (Terabe et al., 2008; Tsuji, 2006;
Ranson et al., 2005). Thus, IFN- produced by liver NKT cells was
shown to control intravenous infections with Leishmania donovani
(Amprey et al., 2004). One of the Leishmania molecules capable of
activating NKT cells is LPG, the most abundant glycolipid covering
the surface of the parasite in the promastigote stage of the life
cycle (Späth et al., 2003). LPG consists of four domains: (i) a con-
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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erved GPI anchor [1-O-alkyl-2- lyso-phosphatidylinositol (PI)];
ii) a core [Gal(1-6)Gal(1-3)Galf (1-3)[Glc(1)PO4]Man(1-
)Man(1-4)-GlcN(-1) heptasaccharide]; (iii) disaccharide
epeats [Gal(1-4)Man (1)PO4 units] and (iv) a neutral oligosac-
haride forming the terminal (“cap”) (Ibraim et al., 2013). Even
hough NKT cells have been associated with protection against
ntravenously administered Leishmania, their role in skin infections
ith Leishmania mexicana has not been addressed, nor has the
ctivation pathway after LPG stimulation been deﬁned.
The aim of this study was to analyze the activation pathway
nduced by Leishmania mexicana LPG in NKT cells and to compara-
ively study the cytokine production and inﬁltration kinetics of NKT
ells in lymph nodes draining Leishmania mexicana-infected lesions
f BALB/c and C57BL/6 mice.
We here demonstrate that Leishmania mexicana LPG activates
KT cells mainly through the indirect pathway involving TLR2
timulation in DC by Leishmania LPG, the magnitude of which dif-
ers between mouse strains. We  furthermore show differences in
inetics and cytokine production of NKT cells in lymph nodes from
57BL/6 and BALB/c mice infected with Leishmania mexicana.
. Materials and methods
.1. Animals
Male BALB/c and C57BL/6 mice, aged 8–10 weeks, were bred
nd housed at the animal facilities of the Unidad de Investigación
n Medicina Experimental of the Medical School, UNAM, and their
andling was done following the National Ethical Guidelines for
nimal Health NOM-062-ZOO-1999 and the guidelines recom-
ended for animal care by the Ethical Committee of the Medical
chool of the UNAM. The animals were kept in pathogen-free
icro-isolation cages and received water and food ad libitum.
.2. Leishmania mexicana infections
L. mexicana promastigotes were grown in 199 culture medium
Invitrogen Cat. 12350039), supplemented with 10% FBS at 26 ◦C.
fter 5 days of culture, promastigotes were harvested in the sta-
ionary growth phase. Anesthetized BALB/c and C57BL/6 mice were
nfected subcutaneously in the earlobe dermis with 1 × 105 para-
ites suspended in 5 L isotonic saline solution. On days 1, 3, 5 and
 post-infection, mice were sacriﬁced by cervical dislocation.
.3. Monitoring of lesion size
A comparative study of earlobe lesions was made between
ALB/c and C57BL/6 mice infected with 1 × 105 parasites through-
ut 8 weeks of evolution. Lesion size was evaluated using a Vernier.
.4. Limiting dilution analysis of parasite burden
Parasite load was determined using the quantitative Limit-
ng Dilution Assay (LDA) described by Titus et al. [15]. Infected
ars were aseptically removed from infected BALB/c and C57BL/6
ice. Homogenized tissues were diluted in RPMI-1640 medium
upplemented with 10% heat inactivated FBS (Gibco Invitrogen Cor-
oration, Carlsbad, CA, USA), 100 U penicillin/ml and 100 mg/ml
treptomycin. The samples were serially diluted into 96-well plates
ontaining biphasic blood agar (Novy-Nicolle-McNeal) medium
nd incubated at 26 ◦C during one week. The wells showing par-
site growth were registered according to speciﬁc dilutions and
arasite burdens of tissues were calculated.iology 222 (2017) 454–462 455
2.5. NKT cell count in lymph nodes
NKT cells were comparatively analyzed in the cervical lymph
nodes closest to the infection sites in both mouse strains. The cervi-
cal lymph nodes were aseptically removed and placed in a Petri dish
containing cold PBS. The tissue was disrupted in a 100 m nylon
cell strainer (BD Falcon) and the isolated cells were centrifuged at
800 × g during 10 min  at 4 ◦C. Cells (1 × 106) were suspended in
RPMI supplemented with 10% FBS, incubated with 1 g/ml mon-
ensin (00-4505-51 e-Bioscience) during 2 h and stained for FACs
analysis. NKT-cell counts were made on days 1, 3, 5 and 7 post-
infection. On the day of their peak increase, IFN- and IL-4 were
analyzed by ﬂow cytometry in puriﬁed NKT cells of both mouse
strains.
2.6. NKT-cell enrichment from spleen cells
Spleen cells were separated by Ficoll-Hypaque gradient (Sigma)
and mononuclear cells were washed twice with PBS. T cells were
puriﬁed using a Pan T-cell isolation kit (Miltenyi Biotec, Bergisch
Gladbach, Germany). This method yields a cell suspension enriched
in NKT cells (Lotter et al., 2009).
2.7. Lipophosphoglycan puriﬁcation
LPG was  puriﬁed from L. mexicana promastigotes grown in
RPMI-1640 medium supplemented with 10% heat-inactivated FBS
at 26 ◦C. Parasites were harvested on day 5, which corresponded
to the stationary culture phase. LPG was puriﬁed from 1010 pro-
mastigotes as described in the literature (McConville et al., 1987)
with some modiﬁcations. Brieﬂy, the parasites were centrifuged
at 3200 × g, the supernatant was  removed and the pellet was
extracted with chloroform/methanol/water (1:2:0.5; v/v) for 2 h
at RT. The insoluble material was used for LPG extraction with
9% 1-butanol in water (2 × 50 ml)  and the pooled supernatants
were vacuum dried. LPG was puriﬁed from this fraction by octyl-
sepharose chromatography in HPLC using a 1-propanol gradient
(5–60%) in 0.1 M ammonium acetate. The preparations were nega-
tive for the presence of endotoxin using the Limulus sp. amebocyte
lysate assay (E-Toxate Kit; Sigma). Polymyxin B (5 g/ml) was also
used to conﬁrm the absence of contaminating LPS. A sample was
analyzed for protein contaminants by SDS–PAGE with silver stain-
ing. The preparation was devoid of protein contaminants.
2.8. Bone marrow-derived dendritic cells (BMDC)
Bone marrow was ﬂushed from the femurs and tibiae of
eight-week old C57BL/6 and BALB/c mice and plated in 100 mm
bacteriological Petri dishes (Falcon) at a concentration of 2 × 106
leukocytes in 10 ml  of medium. Cells were cultured in RPMI-1640
medium containing 10% heat-inactivated FBS (endotoxin tested),
2 mM l-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin,
50 g 2-mercaptoethanol (Gibco Invitrogen Corporation, Carlsbad,
CA, USA), 25 mM HEPES buffer, and 24 mM NaHCO3 (Sigma–Aldrich
Co., St. Louis, MO,  USA). Complete medium was  supplemented with
10% GM–CSF-containing supernatant from X-63 cell line trans-
fected with the murine GM–CSF gene, shown to be equivalent to
200 U/ml of GM–CSF (Zal et al., 1994). The X-63 cell line was kindly
donated by Dr. Brigitta Stockinger (Medical Research Council, Mill
Hill, London, UK). On day 3 of culture, 10 ml  of GM–CSF-containing
medium were added to each dish and on day 6, 10 ml  of the cul-
ture medium was  replaced with fresh GM–CSF-containing medium.
On day 8, non-adherent cells were harvested, centrifuged and sus-
pended in complete RPMI medium. Flow cytometry showed that
cells were 85% CD11c+ pure.
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Fig. 1. Evolution of earlobe lesions and analysis of frequency of NKT cells in cervical lymph nodes. The magnitude of infection was  assessed by measuring the swelling of
the  infected earlobes (A) and by quantifying the parasite burden in 4 mice of both mouse strains (B) throughout 8 weeks of infection. The frequency of the NKT cells was
measured by ﬂow cytometry in cells of cervical lymph nodes closest to the site of infection of BALB/c (C) and C57BL/6 (D) mice on the days 1, 3, 5 and 7. The close circles show
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.9. Co-culture of DC and NKT cells with in vitro cytokine
uantitation
1.5 × 105 DCs were stimulated with 10 g/ml L. mexicana LPG or
00 ng GalCer (KRN7000 Funakoshi co., ltd, Tokyo, Japan) in 96-
ell plates (Corning) during 24 h, after which TNF- and IL-12p70
ere quantiﬁed in the supernatants by ELISA. Thereafter, enriched
plenic NKT cells (1.5 × 106) were added to the wells during 48 h,
nd IFN- and IL-4 were quantiﬁed in the supernatants of the co-
ulture of DC and enriched NKT cells by ELISA.
.10. Stimulation of enriched NKT cells
In an attempt to clarify whether the activation pathway of
nriched NKT cells was induced by IL-12 secreted by DC, 1.5 × 106
nriched NKT cells from C57BL/6 mice were stimulated in vitro
ith either 5 ng IL-12p70 (19361 V BD Pharmingen), 10 g/ml L.
exicana LPG or 100 ng GalCer (KRN7000 Funakoshi co., ltd,
okyo, Japan) during 48 h. IFN- was quantiﬁed in supernatants
f enriched NKT cells by ELISA and ﬂow cytometry.
.11. Flow cytometry
Stimulated and non-stimulated DC were blocked with anti-
c (14-0161-85 eBioscience), and stained with anti-CD11c in PE
557401 BD), anti-CD1d-FITC (123508 BioLegend), anti-TLR2 in
lexa Fluor 647 (121810 BioLegend), anti-CD86 in PE-Cy7 (105013
ioLegend), anti-CD40 in APC and analyzed in a FACS CANTO II BD,
sing DIVA software. Lymph node cells were blocked with anti-Fcted with saline solution. Mean ± SD is shown. *p ≤ 0.05 was  considered signiﬁcant.
and NKT cells were stained with Dimeric Mouse CD1d:Ig (557599
BD) coupled to -GalCer and marked with secondary antibody in
PE (550083 BD), as described by the manufacturer.
Production of cytokines IFN- (505806 BioLegend) and IL-4
(557728 BD) was analyzed on the day of the highest increase of
NKT-cell numbers in cervical lymph nodes of BALB/C and C57BL/6
mice. NKT-cell intracellular staining was  carried out with anti-IFN-
 in FITC and anti-IL-4 in FITC in two  different cell suspensions, after
using citoﬁxcitoperm and permwash (BD). The cells were analyzed
by FACS CANTO II BD and DIVA software.
2.12. Co-localization of LPG and TLR2 in DC
To analyze whether the activation of DC by Leishmania mexi-
cana LPG was  through TLR2 stimulation, DC were pulsed with LPG
for 3 h. The cells were washed with PBS and blocked with mouse
anti-Fc diluted 1:10 during 30 min  at 4 ◦C. After two  washings, they
were stained with anti-TLR2 in Alexa Fluor 647 (121810 BioLegend)
and anti-LPG mab  (generated in our laboratory against L. mexicana
LPG) diluted 1:50 during 30 min  at 4 ◦C. After two washings with
PBS, the LPG antibody was stained with a secondary anti-mouse
anti-IgG FITC (DAKO F-261) and ﬁxed with 2% paraformaldehyde
during 30 min  at 4 ◦C. The negative control for the LPG stain on stim-
ulated DC cells consisted in using the secondary antibody anti-IgG
FITC (DAKO F-261), in the absence of the primary anti-LPG. As neg-
ative control for TLR2, the isotype control was  used. Images were
analyzed by confocal microscopy (Leica TCS SP5).
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Fig. 2. Percentage of NKT cells producing IFN- and IL-4 in cervical lymph nodes of BALB/c and C57BL/6 mice infected with L. mexicana. The frequency of NKT cells in the
cervical lymph nodes closest to the site of infection that produce IFN- and IL-4 was  measured on the days of their peak increase: (A) BALB/c mice on day 3 of infection and
(B)  C57BL/6 mice on the day 5 of infection. Controls were inoculated with saline solution. We used four mice for each experiment. The bars represent data of three separate
experiments. Mean ± SD is shown. *p ≤ 0.05 was considered signiﬁcant.
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as  measured for CD40 (A), CD86 (B), MHCII (C), CD1d (D) and TLR2 (E). Bars repr
onsidered signiﬁcant.
.13. Total protein extraction and immunoblotting
In order to analyze whether LPG stimulation of DC was medi-
ted through TLR2, a kinetic analysis of IB phosphorylation was
one in DC of both mouse strains stimulated with LPG. Total pro-
ein extract was obtained from 5 × 105 DC of BALB/c and C57BL/6
ice which had been incubated with 10 g/ml L. mexicana LPG or
0 g/ml PG (Peptidoglycan, 77140 Fluka) as positive control, dur-
ng 5, 15, 30, 60, 90 and 120 min. Cells were washed twice with
BS and lysed in 50 l of RIPA modiﬁed buffer for 30 min. Cellular
xtracts were centrifuged at 10 000 × g for 10 min  at 4 ◦C and the-GalCer for 24 h. Non-stimulated cells were used as controls. Mean ﬂuorescence
normalized data of four separate experiments. Mean ± SD is shown. *p ≤ 0.05 was
supernatants were collected. Total protein extracts were quantiﬁed
with DC Protein Assay Reagents Package.
For Western-blotting, 10 g of total protein were analyzed by
SDS–PAGE in 10% acrylamide gels. The proteins were transferred
onto Immobilon-P membranes using a semidry electroblotting
apparatus. The membranes were blocked with 5% non-fat dry milk
in Tris-buffer saline-Tween 20 (TBST: 10 mM Tris–HCl, pH 7.4,
0.15 M NaCl, and 0.05% Tween 20) for 1 h at RT. Immunoblotting
was done with anti-pIB-  (Cell signaling, 9246) diluted 1:1000
in BSA 1% overnight with constant shaking at 4 ◦C. HRP anti-
mouse IgG (Cell signaling, 7076) diluted 1:2000 in 5% non-fat dry
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Fig. 4. Cytokine production by DC and NKT cells. 1.5 × 105 DC were pulsed with LPG or -GalCer for 24 h, leading to production of IL-12p70 (A) and TNF-  (B) by DC. Pulsed
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(C  were co-incubated for 48 h with 1.5 × 106 NKT cells, which induced IFN- (C) and
ssessed by ﬂow cytometry after 24 h of stimulation. Bars represent the porcentag
roduction (F). Non-stimulated cells were used as controls. The bars represent data
ilk was used as secondary antibody, and incubated at RT for 1 h
ith shaking. Blots were developed using SuperSignal West Pico
hemiluminescent Substrate (Thermo Scientiﬁc) and exposed to
-ray ﬁlms. After being developed, membranes were washed with
BST overnight, blocked with 5% non-fat dry milk and incubated
ith anti-actin (sc-1616) diluted 1:1000 in BSA 1% for 3 h at RT.
embranes were washed and incubated for 1 h with HRP bovine
nti-goat IgG (sc-2350) diluted 1:10 000 in 5% non-fat dry milk.
lots were developed as described.
.14. Statistical analysis
All data are expressed as mean ± SD (standard deviation of
he mean). Comparisons between experimental groups were per-
ormed using Mann–Whitney U-test. A value of p < 0.05 was
onsidered statistically signiﬁcant, using Prism 6 for Windows.
hree or more independent experiments were analyzed.
. Results
.1. Evaluation of earlobe lesions in BALB/c and C57BL/6 mice
nfected with L. mexicana
The comparative study of earlobe infections carried out during
 weeks showed differences between both mouse strains, which
ecame signiﬁcant after 6 weeks of infection. After 8 weeks, earlobe
esions of C57BL/6 mice showed a lower increase, as compared to
ALB/c. Furthermore, parasite load was approximately 5X less in
57BL/6, as compared to BALB/c mice after 8 weeks of infection
Fig. 1A, B).D) production by NKT cells. IFN- production by NKT cells of C57BL/6 mice was also
tokine producing cells (E) and dot plots show the NKT population and their IFN-
r separate experiments. Mean ± SD is shown. *p ≤ 0.05 was considered signiﬁcant.
3.2. Percentage of NKT cells in cervical lymph nodes closest to the
site of L. mexicana infections in BALB/c and C57BL/6 mice
Differences were observed in the percentage of NKT cells and
in the kinetics of cervical lymph node inﬁltration between both
mouse strains. In BALB/c mice, NKT cells increased abruptly, reach-
ing a peak (4.5 X) on day 3 of infection (3.2%), with regard to control
mice that had been inoculated with saline solution (0.7%) (p < 0.05)
(Fig. 1C). By day 5 post-infection, the NKT cell numbers had dimin-
ished again to basal levels. In contrast, in C57BL/6 mice, NKT cells
reached their maximum increase (2.3 X) on day 5 of infection (1.1%)
(Fig. 1D). It is noteworthy that by day 7 this mouse strain still
showed 1.6 times (0.7%) the values registered for non-infected con-
trol mice (0.46%) (p < 0.05). Taken together, these data show that
in BALB/c mice, NKT cell numbers increase signiﬁcantly, achiev-
ing a rapid and transient peak at day 3 post-infection, followed by
a quick descent to basal levels. In contrast, C57BL/6 mice show a
much lower and more retarded increase in NKT cells in draining
lymph nodes, followed by a more gradual decrease, lasting 2 days.
3.3. IFN- production by NKT cells in cervical lymph nodes
The cytokine analysis (IFN- and IL-4) in NKT cells of cervical
lymph nodes was  made on the day of their peak increase, which
was on day 3 in BALB/c mice and day 5 in C57BL/6 mice. Both
mouse strains showed that Leishmania mexicana infections induces
IFN- and IL-4 production by NKT cells. Yet in BALB/c mice only
2.5% of NKT cells produced IFN- (p ≤ 0.05) and 0.5% produced IL-4
(Fig. 2A), which contrasts with C57BL/6 mice where enhanced num-
bers of NKT cells produced IFN- (14.6%) and IL-4 (2.5%) (Fig. 2B).
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roducing cells (B) and dot plots show IFN- production by populations of NKT cell
.4. In vitro cytokine production by NKT cells activated by
endritic cells
We  then analyzed whether in vitro stimulation of DC with L.
exicana LPG induces cytokine production by NKT cells. For this,
C cells of both mouse species were ﬁrstly matured by incubation
ith LPG, which led to their increase of co-stimulatory molecules
D86 and CD40. Although both mouse strains showed enhanced
xpression of the maturation marker CD40 (Fig. 3A), the expression
f CD86 was signiﬁcantly higher in DC of C57BL/6, as compared to
ALB/c mice (p < 0.05) after LPG stimulation (Fig. 3B). Furthermore,
PG stimulation also enhanced the expression of antigen presenting
olecules MHC  II and CD1d in DC of both mouse strains, albeit
HC  II was more signiﬁcantly expressed in C5BL/6 mice (p < 0.05)
Fig. 3C, D). LPG stimulation augmented TLR2 expression (Fig. 3E)
nly in DC of C57BL/6 mice. Control studies using PG, a positive
ontrol for TLR2, showed equally enhanced expressions of TLR2,
o-stimulatory molecules and antigen presenting molecules in DC
f both mouse strains.
The cytokine analysis showed that DC of both mouse strains
timulated with LPG during 24 h secrete IL-12p70 and TNF-, albeit
n different quantities: DC of C57BL/6 mice produced 2.2 times
ore IL-12p70 and 1.25 times more TNF- (Fig. 4A, B), as com-
ared to BALB/c mice (p < 0.05). After adding NKT cells to stimulated
C during 48 h, an elevated production of IFN- (3667 pg/ml) was
bserved in NKT cells of C57BL/6 mice (Fig. 4C), whereas NKT of
ALB/c only secreted 1005 pg/ml, which is approximately 3.6 times
ess, as compared to C57BL/6 mice (p < 0.05). A positive control
ith -GalCer was included to analyze whether the differentialT cells of C57BL/6 mice was  assesed after direct stimulation with LPG, GalCer or
urther corroborated by ﬂow cytometry. Bars represent the percentage of cytokine
cytokine production was  antigen speciﬁc. DCs incubated with -
GalCer induced an equally strong IFN- production by NKT cells
of both mouse strains: 6249 pg/ml in C57BL/6 and 6260 pg/ml in
BALB/c mice. Thus, the elevated IFN- production by NKT cells of
C57BL/6 seems speciﬁcally related to LPG stimulation of DC. No IL-4
production was  found in NKT cells of either mouse strain after their
incubation with LPG-stimulated DC (Fig. 4D).
By ﬂow cytometry we were able to corroborate that NKT cells
of C57BL/6 were the producers of IFN- after they were incubated
with DC that had previously been stimulated with LPG or -GalCer
(Fig. 4E, F).
3.5. IFN- production after stimulation of NKT cells with IL-12p70
In order to demonstrate that IFN- production was induced by
IL-12p70 and not by direct stimulation with LPG or -GalCer, we
stimulated NKT cells with LPG, -GalCer or rIL-12p70 for 48 h. Our
results show that neither LPG nor -GalCer induced IFN- produc-
tion by NKT cells. In contrast, rIL-12p70 stimulation induced IFN-
production by NKT cells (Fig. 5A), which was corroborated by ﬂow
cytometry done after 2 h of stimulation (Fig. 5B, C). These data show
that IL-12p70 produced by DC after stimulation with LPG induces
IFN- production by NKT cells (Fig. 4A, C).
3.6. Co-localization of LPG and TLR2 in DCWe then analyzed whether the LPG-induced secretion of IL-
12p70 by DC was  caused by activation of TLR2. Through confocal
microscopy we  analyzed co-localization of LPG and TLR2 in DC after
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Fig. 6. Co-localization of LPG with TLR2. Dendritic cells were stimulated with LPG for 3 h and stained with anti-TLR2 and anti-LPG antibodies. The left panel (green) shows
the  LPG stain, the middle panel (red) shows the TLR2 stain and the right panel shows the merge of both stains in yellow. The nucleus is stained with DAPI (blue). For controls,
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itaining was  carried out using only secondary antibodies in the absence of primary
ontrol  pannels. The photographs were taken with a confocal microscopy. (For int
eb  version of this article.)
he cells had been stimulated during 3 h with LPG. We  found a
erged image of LPG (stained with FITC) and TLR2 (stained with
lexa Fluor 647), showing co-localization of both molecules (Fig. 6).
.7. Phosphorylation of pIB  ˛ in DC
In order to prove that LPG stimulation of DC was  mediated
hrough TLR2, a kinetic analysis of IB phosphorylation was  done
n DCs of both mouse strains stimulated with LPG. IB phospho-
ylation was observed in both mouse strains although at different
imes: in BALB/c mice the phosphorylation was observed after
 min  of LPG stimulation, which later decreased to basal levels.
n contrast, in C57BL/6 mice the phosphorylation of IB initi-
ted after 15 min  of LPG stimulation and persisted throughout the
20 min  that the analysis lasted. The positive control for TLR2 stim-
lation with PG showed a similar kinetics in both mouse strains:
hosphorylation of IkB began after 5 min, diminished transiently
fter 15 min  and thereafter increased again, remaining unchanged
p to the 120 min  that the study lasted (Fig. 7).
. DiscussionWe  here comparatively analyzed the response of NKT cells from
wo mouse strains to Leishmania mexicana infections as well as to
n vitro stimulation with puriﬁed LPG, including an analysis of thedies. Isotype controls were done for anti TLR2 staining, all of which are shown the
ation of the references to colour in this ﬁgure legend, the reader is referred to the
activation pathway. Previous studies had reported that Leishma-
nia donovani LPG was  presented by CD1d in DCs, leading to the
activation of NKT cells. This activation pathway is considered the
direct activation pathway (Juno et al., 2012). We now show that NKT
activation by Leishmania mexicana LPG occurs primarily through
the indirect activation pathway that initiates with the stimulation
of TLR2 in DCs, leading to production of IL-12p70 and enhanced
expression of co-stimulatory molecules CD86 and CD40 in DCs.
These combined events then activate NKT cells, inducing their IFN-
 production. The indirect activation pathway of NKT cells has been
related to their IL-12 receptor (Rossjohn et al., 2012). Our data now
show that the indirect activation pathway of NKT cells by LPG only
leads to their IFN- production, which contrasts with the direct
activation pathway induced by -GalCer, which had been shown
to lead to both IFN- and IL-4 productions by NKT cells (Hayakawa
et al., 2003).
Another characteristic feature of -GalCer is that it does not
induce maturation of DC after direct stimulation. Maduration of
DC occurs only after contact with NKT cells and involves binding of
CD40L (Fujii et al., 2007). Our data are in accordance with the litera-
ture, since stimulation with -GalCer did not induce overexpresion
of co-stimulatory molecules in DC.
With these results, we  are tempted to speculate that the char-
acteristics of cytokine production in NKT cells is related to their
activation pathway: the indirect activation of NKT cells, induced
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0,  90 and 120 min. Lanes 1: non-stimulated; lanes 2: PG 5′; lanes 3: PG 15′; lanes 
5′; lanes 10: LPG 30′; lanes 11: LPG 60′; lanes 12: LPG 90′; lanes 13: LPG 120′ . A re
y IL-12 from DC after stimulation of their TLR2 receptors, leads
o a polarized production of IFN-, whereas the direct activation
athway mediated by antigen presentation through CD1d in DC
nd recognition by invariant T-cell receptors in NKT cells, leads to
roduction of both cytokines IFN- and IL-4 (Zajonc and Girardi,
015).
Despite having shown that LPG activates NKT cells mainly
hrough the indirect pathway, we cannot rule out some partici-
ation of the direct pathway, since LPG stimulation enhanced the
xpression of CD1d in DC of both mouse strains, although this does
ot necessarily imply that the direct pathway is activated.
The activation of TLR2 by L. mexicana LPG has previously been
hown by our group (Becker et al., 2003). Additionally, various
eports in literature have reported that LPG has the properties of
 PAMP, capable of inducing maturation and activation of DC cells,
eading to their enhanced expression of co-stimulatory molecules
ogether with IL-12 and TNF- production (Aebischer et al., 2005).
ur study now shows that L. mexicana LPG not only stimulates DC,
nhancing their CD86 and CD40 expressions, as well as their IL-
2p70 production, it furthermore leads to the indirect activation of
KT cells.
Although we had previously shown that L. major LPG activates
he TLR2 signaling pathway, our current study now enables us to
dd novel data showing that TLR2 co-localizes with L. mexicana
PG and leads to phosphorylation of pIB, a molecule related to
he TLR signaling pathway (Can˜eda-Guzmán et al., 2014). Together,
hese data provide evidence that L. mexicana activates DC through
LR2, which ultimately leads to nuclear translocation of NF-B and
ranscription of inﬂammatory mediators such as IL-12 and TNF-.
Our hypothesis that LPG activates NKT cells mainly through the
ndirect activation pathway is strengthened by the lack of exper-
mental evidence of a direct activation pathway. To the best of
ur knowledge, LPG presentation by CD1d in DC has not been
onclusively demonstrated. LPG has only been shown to com-
ete with -GalCer for the tetramer-binding site in recombinant
D1d molecules. Yet no NKT cell activation was  evidenced after
ncubation with tetramers coupled to LPG, which contrasts withted and PG- or LPG-stimulated DC of BALB/c (A) and C57BCL/6 (B) mice at 5, 15, 30,
30′; lanes 5: PG 60′; lanes 6: PG 90′; lanes 7: PG 120′; lanes 8: LPG 5′; lanes 9: LPG
tative immunoblot is shown.
the activation observed after using tetramers coupled to -GalCer
(Amprey et al., 2004).
It is noteworthy, that activation of DC cells by L. mexicana LPG
differed between the two mouse strains. It was more elevated
in C57BL/6 mice, which also correlated with the enhanced MHC
II, CD86 and TLR2 expressions, as well as with the augmented
cytokine production. Additionally, the LPG-induced phosphoryla-
tion of pIB lasted longer in DC of C57BL/6 mice. This differential
response seems antigen speciﬁc, since stimulation with PG showed
no difference in the phosphorylation patterns between the two
mouse strains. Our data are in accordance with the literature, where
DC stimulated with TLR2 agonists, such as zymosan and lipopro-
teins showed a more elevated IL-12 production in C57BL/6, as
compared to BALB/c mice (Liu et al., 2002).
With these data we were further interested in analyzing
whether the differential response towards LPG observed between
the two mouse strains in vitro was also evidenced in NKT cells dur-
ing L. mexicana infections of C57BL/6 and BALB/c mice. Our results
show striking differences in NKT cell numbers and their cytokine
production between both mouse strains. The percentage of NKT
cells present in the draining lymph nodes during the ﬁrst week
of the infection in BALB/c mice increased only transiently during
day 3 post-infection and diminished again on day 5. In contrast,
the increase in the percentage of NKT cells in the draining lymph
nodes of C57BL/6 mice was delayed by two days, appearing on day
5 post-infection, remaining elevated throughout day 7, on which
the experiment was ﬁnalized. It is noteworthy, that NKT cells of
C57BL/6 mice also produced more IFN- and IL-4, as compared to
BALB/c mice. We  hypothesize that the prolonged presence of NKT
cells in lymph nodes of C57BL/6 mice infected with Leishmania mex-
icana possibly relates to their more elevated cytokine production.
Our data are in accordance with the literature showing IFN- pro-
duction by liver NKT cells in C57BL/6 mice infected with L. donovani
(Amprey et al., 2004).
It is noteworthy that the cytokines found during in vivo studies
differed from the ones found in vitro. This is possibly related to the
fact that in vivo studies were carried out with the whole parasite,
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ossessing multiple antigens capable of activating various stimula-
ion pathways in NKT cells and therefore able to produce multiple
ytokines (IFN- and IL-4). In contrast, in vitro studies were done
ith a speciﬁc antigen (LPG) known to activate the TLR2 pathway,
hich induced a different cytokine proﬁle (IFN-). This observa-
ion on speciﬁc parasite molecules leading to differential activation
athways for NKT cells is in accordance with a study done with a L.
onovani glycosphingolipid, a molecule presented by CD1d in DC,
hich proved to lead to the direct activation pathway of NKT cells
Amprey et al., 2004).
Taken together, our data now show that L. mexicana LPG
ctivates NKT cells primarily through the indirect pathway that ini-
iates with TLR2 stimulation in DC, thereby enhancing their MHC  II,
D86, TLR2 expressions and IL-12p70 production, which was  more
levated in C57BL/6 mice. This mouse strain also showed prolonged
hosphorylation of pIB in DC. Together, these events correlate
ith the higher IFN- production by NKT cells of this mouse strain.
he NKT-cell response also differed between both mouse strains
fter infection with L. mexicana promastigotes. Thus, C57BL/6 mice
howed a more elevated percentage of NKT cells in lymph nodes
lose to the infection sites, which remained there for a longer period
f time and showed a higher IFN- and IL-4 production, as com-
ared to BALB/c mice.
. Conclusion
We  conclude that L. mexicana LPG activates NKT cells impor-
antly through the indirect pathway, which was more pronounced
n C57BL/6 mice and possibly correlates with the prolonged sig-
aling during the TLR2 activation pathway. With these data we
ropose that IFN- production by NKT cells induced by Leishma-
ia mexicana LPG possibly favors protection during the acute and
nnate phase of the infection. These results enhance the impor-
ance of studying the indirect activation pathway in NKT cells
uring Leishmania infections, since different parasite strains can
xert diverse immunomodulation in DC, thereby altering the NKT
ell response that can inﬂuence the disease outcome.
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